A process model simulating the Mariannridge Wastewater Treatment Plant, located in the eThekwini Municipality, has been developed in the WEST (Worldwide Engine for Simulation, Training and Automation) modelling environment, based on the IWA Activated Sludge Model No. 3 (ASM3). The treatment plant receives a high proportion of industrial effluents. The development of the model involves the characterisation of the influent wastewater and determining model parameters (kinetic and stoichiometric coefficients) by undertaking batch respirometric tests on the wastewater and activated sludge, flocculation filtration and simulation of the batch respirometric experiment. To account for equipment-specific factors, the simulation model was calibrated against plant data covering a year's operation.
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Introduction
The key elements available to a municipality for the management of industrial wastewater are wastewater treatment plants for remediation, discharge permits for placing limits on what may be discharged, and discharge tariffs for financing the treatment and for providing incentives and penalties for the users of the system. An optimal strategy for managing industrial wastewater should include all these elements to serve the users of the sewer system, while meeting the discharge standards for the treated effluent. However the relationship between these elements is complex and poorly understood because of the variable nature of effluents discharged from industries and the response of the biological processes to them. In response to this challenge, the eThekwini Municipality motivated a research project to develop a means of determining the link between a permitted industrial discharge and the capacity of the receiving WWTP to treat it to meet the river discharge standards imposed by the Department of Water Affairs and Forestry for the given WWTP.
Developing a simulation model for a wastewater treatment plant and calibrating it against plant operating data allows the response of the wastewater treatment plant to a particular wastewater to be evaluated. Hence modelling of biological wastewater treatment systems can be used as a tool for evaluation. For this application, the model needs to be able to represent the performance of the WWTP while treating the combined influent received from its catchment. Typically this will include domestic sewage together with the industrial effluent generated by all the factories in the catchment. To avoid having to individually characterise effluents from all the other factories in order to evaluate the effect of the one of interest, the baseline model is based on experimental characterisation of the combined feed to the WWTP. The modelling of biological wastewater treatment systems has developed from fundamental concepts to mathematical models. The IAWPRC, later IAWQ and now IWA task Group (Henze et al., 1987 (Henze et al., , 2000 has introduced an activated sludge model suite, which provides researchers and practitioners with a standard set of basic models for biological wastewater treatment processes. The first model developed for municipal activated sludge WWTPs was the Activated Sludge Model No. 1 (ASM1) (Henze et al., 1987) . It describes the removal of organic carbon compounds and ammonia-nitrogen, with facultative consumption of oxygen or nitrate as the electron acceptor, depending on the conditions in the activated sludge system. Other models, ASM2 (Henze et al., 1995) and ASM2d , which include chemical precipitation processes and phosphorus removal, have also been developed. To correct a number of shortcomings of the ASM1 model, the ASM3 model was developed based on the ASM1 model. ASM3 was used to model the Mariannridge WWTP.
This paper presents the development of such a baseline model based on ASM3, for a WWTP receiving a significant proportion of industrial effluent, based on a combination of laboratory tests and plant operating data.
Materials and methods
Site description and layout
The Mariannridge WWTP has a sister plant on the same site called Shallcross WWTP. These 2 parallel plants make up what is known as the Umhlatuzana Works. Mariannridge receives an average of 8 000 m 3 /d wastewater of which about 30% is industrial and 70% domestic, while Shallcross receives an average of 2 000 m 3 /d which is entirely domestic wastewater. The layout of Mariannridge WWTP is shown in Fig. 1 .
Influent is pumped into an equalisation tank, and then screened before going through the grit chambers. From the grit chambers the flow rate is measured before the biological reactor (an extended aeration basin), which is followed by secondary clarification in settling tanks. The effluent from the Mariannridge WWTP is combined with the effluent from Shallcross WWTP and dosed with chlorine before releasing it to the Umhlatuzana River.
Influent characterisation
The mathematical models developed for the simulation of the activated sludge unit of the WWTP are based on the division of wastewater into various fractions (Sperandio et al., 2000) . The carbonaceous fraction of wastewater is determined by the COD test. In the ASM3 model the total influent COD of municipal wastewater is divided into 7 fractions, as shown in Table 1 . The concentration of autotrophic biomass, X A , in the influent is in most cases negligible (Henze et al., 1995) . The organics stored by heterotrophs, X STO, is not considered to be present in the influent wastewater but it is only a functional compound required for modelling, not directly identifiable by chemical analysis . Consequently, the influent total COD is then represented by Eq. (1).
The available procedures for quantifying the COD fractions in municipal wastewater are either physical or biologically based. Biologically based tests (bioassays) have found wider application than physical tests . Physical methods have been developed to quantify readily biodegradable substrate S S based on the hypothesis that the difference in biokinetic response of activated sludge to readily biodegradable substrate and slowly biodegradable substrate X S is due to the difference in molecular size -readily biodegradable substrate consists of relatively smaller molecules which are readily transported into microbial cells while slowly biodegradable substrate contains larger and more complex molecules which require hydrolysis before uptake and utilisation (Dold et al., 1980; 1986) . Based on this hypothesis filtration procedures have been proposed for the separation of the 2 COD fractions (Dold et al., 1986; Lesouef et al., 1992; Mamais et., al 1993; Bortone et al., 1994; Torrijos et al., 1994) . The success of filtration procedures has been closely linked to the filter pore size, where the larger the pore size, the more particulate material passes through the filter resulting in a less accurate separation of readily biodegradable substrate from slowly biodegradable substrate . Furthermore, in activated sludge models the division of the influent COD in municipal wastewater is based on biological response in which the response of activated sludge to wastewater is monitored, rather than the difference in molecular size, hence the use of a batch respirometric test in this study to determine the readily biodegradable substrate S S and heterotrophic biomass X H in the influent wastewater using batch respirometric experiments outlined by Wentzel et al. (1995) . The diagram of the respirometric experiment is shown in Fig. 2 .
The experiment was carried out in a 3 ℓ cylindrical aerated bioreactor. A magnetic stirrer was used to stir the contents of the bioreactor. Batches of unsettled 24 h composite samples of influent wastewater were obtained from the WWTP from the inlet after the screens but before the aeration basin. A defined volume of 2 ℓ was placed in the continually stirred bioreactor. An aliquot of the composite sample was drawn and the initial total influent COD concentration was determined as outlined in Standard Methods (1995). The OUR was monitored continually using the automated UCT OUR meter. The pH and temperature were monitored and maintained at constant values of 7.2 and 20°C. OUR values measured at increased variations in temperature were adjusted accordingly by temperature correction. A second stage in the respirometric experiments, based on the work by Hvitved-Jacobsen et al. (2002) where acetate is added, was incorporated into the experiment to investigate the growth of biomass. A typical OUR-curve plotted from the complete batch respirometric experiment is shown in Fig. 3 .
The OUR curve is divided into 4 phases based on the substrate concentrations in the wastewater sample as shown in Fig. 2 .
• Substrate non-limited condition • Substrate non-limited condition is being terminated • Substrate limited condition • Addition of readily biodegradable substrate
The OUR data from the first stage of the batch test before the addition of readily biodegradable substrate (sodium acetate) were interpreted using the UCT (Dold et al., 1980) and IWA models to determine S S and X H . The selected models describe the bacterial degradation dynamics which take place during the bioassay test in which the measured variable is DO concentration (Lagarde et al., 2003) .
After running the batch respirometric test for 24 h, the only soluble COD remaining should be non-biodegradable. Therefore, at the end of the batch test, a sample is drawn from the reactor contents to determine the inert soluble substrate S I through a flocculation-filtration procedure.
In the batch test, it is impossible to differentiate between inert particulate substrate and slowly biodegradable substrate by direct measurement. Furthermore, physical separation technique, such as flocculation filtration cannot separate the 2 COD fractions, since both are particulate. The inert particulate substrate X I is determined from the simulation model of the batch respirometric experiment. With 4 COD fractions known, the slowly biodegradable substrate X S is determined by difference, using Eq. (1).
The nitrogen, phosphorus and other constituent fractions of the influent wastewater at Mariannridge Plant were obtained from historical data collected by the municipal laboratory from wastewater samples taken from the WWTP. The data used were for the years 2005, 2006 and 2007 and they are summarised in Table 2 (next page) .
Modelling tools
The scope of the modelling included the activated sludge unit and the secondary settlers. Model simulations were performed using the software package WEST (MOSTforWATER, 2004) .
Several models of activated sludge processes are available. The most widely used are the IWA activated sludge models. The IWA Activated Sludge Model No. 3 (ASM3) was chosen as the basis for the Mariannridge Plant model. This model relates the wastewater treatment processes to the oxygen consumption, sludge production, nitrification and de-nitrification which take place in activated sludge systems during the treatment of wastewater of primary domestic origin. ASM3 uses the concept of storage-mediated growth of heterotrophic organisms assuming that all readily biodegradable substrate is first taken up and stored in an internal polymer component.
Several different settler models exist in literature, as discussed by Grijspeerdt et al. (1995) . However, the plant data used in this study were taken from routine operating records which did not contain information on operation of the settlers. The only available information related to the settlers was the SS concentration in the combined final effluent leaving the plant. Consequently a simple representation of the settling process could be used. The point settler model, which simply specifies the clarified effluent suspended solids, was used to represent the secondary settlers.
Modelling information
In general, the required quality and quantity of information will depend on the purpose of the model (Langergraber et al., 2004; Sin et al., 2005) . For this study the presence of industrial effluent in the plant influent and the intended purpose of this model (i.e. to evaluate the effect of industrial effluent on the performance of the treatment plant) required that the model be specifically adapted to conditions prevailing at the WWTP. The set of information which needs to be collected for successful modelling is summarised from different sources (Henze et al., 1987; Lesouef et al., 1992; Pedersen and Sinkjaer, 1992; Stokes et al., 1993) in Table 3 .
Design and operational data were obtained from the plant records of the Mariannridge Plant. The flow balance of the Mariannridge WWTP based on the average influent of 8 000 m 
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Mariannridge and Shallcross, but not for the individual effluents. Therefore the TSS in the Mariannridge effluent stream was estimated by assuming that Mariannridge contributes twice as much SS as the Shallcross Plant to the final combined effluent. This estimate was based on spot measurements and the greater volumetric loading of the Mariannridge Plant.
The characterisation for the activated sludge biological model combined some values from literature, historical plant operating data and information from laboratory-scale experiments carried out on samples of wastewater and activated sludge. These are discussed in more detail in the following sections.
Kinetic and stoichiometric parameters
The values of reaction kinetic and stoichiometric parameters were a combination of default values proposed by Gujer et al., (1999) and values obtained from laboratory experiments by regression. Batch respirometric experiments were carried out on wastewater and activated sludge samples to determine some of the kinetic and stoichiometric parameters of the model and COD fractions.
The saturation coefficient for readily biodegradable substrate, K S , the saturation coefficient for particulate COD, K X , and the hydrolysis constant, k h , were estimated by fitting the OUR results predicted by the simulation model of the batch experiment, to the OUR results which had been recorded in the batch experiment discussed earlier. The curve fitting was done by regression analysis using the WEST software.
To determine the decay rate constant b H , OUR measurements were performed on activated sludge samples in a continuously stirred batch reactor over a period of 24 h. The plot of the natural logarithm of the recorded OUR values vs. time shows an exponential decrease of the biomass as a straight line with the slope, b H .
The aerobic yield of heterotrophic biomass, Y H, and the heterotrophic maximum growth rate, μ H were estimated from the OUR curve plotted from the results obtained from the batch experiment done on 24 h composite samples of influent wastewater. Table 5 shows the results obtained for the selected model parameters compared to ASM3 default values suggested by Gujer et al. (1999) .
Modelling strategy
The modelling of the WWTP was carried out in 4 steps:
• Creating a configuration for the WWTP in WEST • Running simulations using the default values and experimentally determined model parameters and evaluating the predictions of the model against measured historical data • Calibrating the model by systematically adjusting selected model parameters • Validation of the model using measured historical data which was not used for model calibration.
Results
The results for the COD fractionation of the influent from the Mariannridge WWTP are compared against the typical fractions of South African wastewater by Ekama and Marais (1984) , in Table 4 . The biodegradable COD fractions for the Mariannridge influent are lower than typical values for South African wastewater of domestic origin, as might be expected because of the significant proportion of industrial effluent. The difference between the experimental results and the literature values confirms the need for plant-specific influent characterisation.
The WEST configuration
The WEST configuration for the Mariannridge WWTP is shown in Fig. 5 . 
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The configuration consists of the major units of the WWTP, the ASU and the 2 secondary settlers. The secondary settlers are configured as one unit since it is assumed that they operate in the same way. Combiners and splitters have been added to combine and split flows, respectively. A COD sensor has been added to the outlet stream, to measure the COD concentration of the treated effluent. Convertors in the configuration are used to convert concentrations of constituents in the wastewater to flux values, and flux to concentration values, as required by the following sub-models.
Model calibration
A major difficulty encountered in calibration of activated sludge models is the lack of identifiability of the model parameters, which is the ability to obtain a unique combination of parameters that fit the calibration data (Petersen et al., 2002) . More than one combination of influent characterisation and model parameters can give a description of the available data of similar quality (Gernaey et al., 2004) Due to the identifiability problem a stepwise procedure was used, where just a few parameters are changed at a time instead of applying an automatic mathematical optimisation routine. A steady-state calibration was done followed by a dynamic calibration.
Steady state calibration
During the steady-state calibration the model parameters responsible for the long-term behaviour of the activated sludge were adjusted to fit the collected plant data for the sludge TSS concentration. Based on the earlier mentioned assumption that the Mariannridge effluent contributes twice as much SS as the Shallcross WWTP to the final combined effluent TSS concentration, the non-settleable fraction of SS f ns was determined from mass balance of SS across the secondary clarifier. The calculated value was 0.0052.
The measured value of the waste sludge TSS was 456 gSS/m ), for the model to be able to match the waste sludge TSS concentration.
Dynamic calibration
During dynamic calibration, selected saturation coefficients and kinetic parameters were adjusted using a mathematical optimisation technique, to improve the prediction of effluent total COD and free ammonia concentration in the activated sludge unit. Before adjusting the selected saturation coefficients and kinetic parameters, a sensitivity analysis was done to establish the most sensitive kinetic or model parameters, which have the most significant impact on the chosen variables of concern, the predicted value of the effluent COD or free ammonia in this study. The values of model parameters determined from the laboratory batch tests are compared with the values adopted after dynamic plant calibration in Table 6 .
Adequacy and reliability of modelling information
The adequacy and reliability of the information available for the development of the model of the Mariannridge WWTP was evaluated during the calibration of the model to plant operating data. Calibration of the model is the adaptation of the model to fit information obtained from the WWTP. For a given model, if the experimentally determined model parameters do not need 
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a lot of adjusting for the model to fit the plant data, then this implies reliable parameters. The extent to which the model fits the plant data with the available modelling information will also give a measure of how adequate the available information is for the purpose of modelling. The heterotrophic yield coefficient Y H , the hydrolysis rate constant k h , the saturation constant of readily biodegradable substrate K S, the saturation constant for particulate COD K X , the saturation constant for particulate organics K NH , and the saturation constant of oxygen K O remained unchanged during the calibration process, indicating that the obtained values were reliable.
The maximum growth rate for heterotrophic biomass μ H was adjusted from 2.4/d to 2.6/d. The oxygen saturation constant for autotrophs K A_O was adjusted from 0.5 to 0.8 gO 2 /m 3 and the ammonium saturation constant K A_NH was adjusted from 1 to 2 gN/m 3 . The initial values of the 2 saturation constants (K A_O and K A_NH ) were literature values, i.e. not determined in the laboratory tests. The adjustment of these values indicates that experiments need to be carried out to determine them. The simulated effluent COD for the year 2006 after adjusting the model parameters is shown in Fig. 6 .
At this stage the model for the Mariannridge WWTP predicts trends of the effluent COD and the concentration; however, it does not follow all the sharp fluctuations that occur in the measured variables. Since the data were taken from routine plant records, it is not known how accurate the extreme values may be. Gaps in the measured data also affect the comparison.
Model validation
After dynamic calibration, validation of the model was carried out using historical data for the year 2007. Validation gives an indication of how well the model can simulate the treatment plant after the calibration effort. Figure 6 shows that the calibrated model can simulate the trend and fluctuations of the effluent COD concentration.
During the early stages of the simulation, the model indicates a noticeably high peak far from the measured value. This peak is due to a high COD value in the input file based on the measured influent COD. There is no way of being certain whether such individual discrepancies are due to problems with sampling and measurement, or with shortcomings in the model. The measured effluent COD does not indicate the peak, only the model shows how the high influent COD reflects in the effluent COD. For the rest of the simulation the model estimates the trends satisfactorily even though the peaks during fluctuations turn out to be higher.
Conclusion
The procedure for the development of a baseline model for a WWTP receiving a significant proportion of industrial effluent, based on a combination of laboratory tests and plant operating data was presented. The information used for the model was based on wastewater characterisation, sludge composition analysis and stoichiometric and kinetic parameters based on respirometric laboratory tests on wastewater and activated sludge. The wastewater characterisation based on the experi- 
